The location of the Escherichia coli K-12 (Glut+) were isolated from these strains (6, 7).
Most wild-type strains of Escherichia coli K-12, E. coli W, and E. coli H (Harvard strain) do not grow on glutamate as the sole source of carbon and energy. Glutamate-utilizing mutants (Glut+) were isolated from these strains (6, 7) .
In previous papers from this laboratory (5-7), evidence was presented showing that a permeability barrier is responsible for the inability of the wild-type strains to grow on glutamate. It was also found (4, 7) that, in E. coli H, the ability to form the enzyme glutamate decarboxylase (GAD) in cultures grown on different carbon sources, in the presence and in the absence of glutamate, differed from that of glutamate-utilizing mutants derived from these strains.
A better understanding of the functions of glutamate permease and GAD, and their relationships in E. coli, requires genetic analysis of these two traits.
The purpose of this work was to determine the number and location of genes affected by mutations enabling growth on glutamate, and the location of the GAD gene.
MATERIALS AND METHODS Microorganisms. The strains used throughout this work are listed in Table 1 . All of them are derivatives of E. coli K-12.
1 Part of this work was taken from the Ph.D. thesis to be submitted by M. M. to the Senate of the Hebrew University.
Growth media. The liquid minimal medium of Davis and Mingioli (1) , from which citrate was omitted, was routinely used for growing the bacteria. The solid minimal medium of Tatum and Lederberg (12) from which the trace-element supplements were omitted, was used to select recombinants. This medium was solidified by addition of 2% agar (Difco) and supplemented with a carbon source, as required (glucose, 0.2%; glutamate, lactose, mannitol, or xylose, 0.5%), amino acids [threonine, leucine, and methionine, where required; 25 ,ug (per ml) of the L isomer, except where otherwise specified], and thiamine hydrochloride (where required, 1 ug/ml). Eosinmethylene blue (EMB)-mannitol and EMB-xylose were sometimes used to detect recombinants for mannitol and xylose. The EMB medium was prepared as described by Luria et al. (11) . Mating broth, containing Casamino Acids and yeast extract, was that described by Hayes (8) .
Tryptose Blood Agar Base, Difco (TBA) was used to maintain stocks of strains on slants or petri dishes.
Growth experiments. Growth experiments were performed as described by Halpern and Lupo (6) .
Uptake of glutamate-14C. Glutamate uptake was studied by the method of Kessel and Lubin (10), as described by Halpern and Lupo (6) .
Selection of Glut+ mutants. Cultures in the logarithmic phase in minimal medium were harvested by centrifugation, suspended in saline to a density of 109 cells per milliliter, and irradiated with ultraviolet light to a survival of 10-3 to 10-4. Several 5-ml samples from each irradiated culture were transferred to test tubes containing 5 ml of double-strength broth and incubated in the dark for 2 hr at 37 C and then over-MARCUS AND HALPERN Single colonies of the parent strains were inoculated into test tubes containing 2 ml of broth and incubated overnight without shaking at 37 C. In the morning, the female strains were diluted in warm broth to 108 cells per milliliter, and the male strains to 5 X 107; 5 ml of the diluted male suspension and 10 ml of the diluted female suspension were incubated separately in 100-ml conical flasks. The male bacteria were incubated without shaking and the female bacteria, with shaking at 37 C. The recipient culture was grown logarithmically to a density of approximately 5 X 108 viable cells per milliliter and the donor culture, to approximately 2 X 108. Mating was started by mixing the parental strains in appropriate volume ratios to give final cell densities of 2 X 107 male cells and 4 X 108 female cells per milliliter. The mating was performed in a volume of 5 ml, in 100-ml conical flasks. The flasks were incubated in a water bath at 37 C without shaking. Samples were withdrawn at different times and diluted into phosphate buffer containing 200 ,Ag of streptomycin per ml. The diluted samples were then vibrated for 60 sec on a Super Mixer (LabLine Instruments, Inc., Melrose Park, Ill.) at full speed, to interrupt conjugation; 0.1-ml amounts of the vibrated samples, in desired dilutions, were plated on selective media containing 200 Ag of streptomycin per ml, to kill the male parent strains, and were incubated at 37 C.
Isolation of recombinants and scoring for unselected markers. Recombinants were isolated by streaking single colonies twice on the appropriate selective media. Unselected markers were scored by the replica method.
Assay of GAD. Cells from fresh TBA slants were inoculated into 40 ml of minimal medium adjusted to pH 6.8 and supplemented with 0.25% glucose and growth requirements (40 ug of the L isomers of the required amino acids and 1 ,ug (per ml) of thiamine hydrochloride), in 100-ml conical flasks. The cultures GENETICS OF GLUTAMATE TRANSPORT IN E. COLI were incubated overnight in a New Brunswick reciprocal shaking water bath (120 strokes/min) at 37 C. (13) . As shown in Fig. 1A , the Hfr CS8 X P678 cross gave upwardbreaking time curves of recombinant formation. This anomaly has been described by Taylor and Thoman (13) , who showed that the initial slopes, when extrapolated to intersect with the abscissa, give the true map distances. The lower number of gltC+ recombinants, as compared with the mt1+ and xyl+ recombinants, was due to the use of minimal glutamate medium to select for gltC+ recombinants, whereas mtl+ and xyl+ recombinants were detected on a rich medium (EMB- mannitol-agar and EMB-xylose-agar, respectively). Selection on a minimal medium interferes with integration and reduces the number of recombinants (3). In experiments in which mtlP and xyl+ recombinants were selected on minimal medium, the numbers of recombinants for these two traits were somewhat lower than the number of gltC+ recombinants obtained in the same cross.
Similar mating experiments were performed with additional Glut+ mutants, CS1, CS5, CS7, H5, H6, and H7, which served as donors, and two additional Glut-female strains, C600 and Wi, which served as recipients. Hfr CS101 did not form Glut+ recombinants with any of the three female strains used, whereas all of the Glut+ mutants derived from Hfr CSIOI formed Glut+ recombinants with these recipients (Table 3 ). The time of entry of the glt locus was the same (approximately 50 min) in all the crosses, corresponding to that of gltC. On the other hand, the wild-type Glut-strain, Hfr H, did form Glut+ recombinants when P678 was the recipient and the time of entry of the glt gene was 28 min, corresponding to that of gltH. The Glut+ mutants of Hfr H, H5, H6, and H7 gave rise to MARCUS AND HALPERN (Fig. 3) . Glut+ recombinants from crosses in which C600 served as the recipient grew on glutamate with a generation time of 2.1 to 3.3 hr. The time of entry of the glt gene in these crosses indicates that the gene transmitted is gltC (Fig. 3) . The faster growth of these recombinants on glutamate may be due to genetic differences between C600 and P678.
Comparison of glutamate accumulation by re- Logarithmic-phase cultures in which protein synthesis was arrested by the addition of chloramphenicol (6, 10) were used. All the strains tested accumulated glutamate against a concentration gradient, the intracellular concentration of glutamate at equilibrium in the Glut+ mutants (CS7, CS8, and HI) being 5-to 30-fold higher than that of the parent strains (Hfr CS101, Hfr H, and P678). The accumulation of glutamate by Glut+ recombinants obtained from the crosses CS7 x P678 and CS8 X P678 was approximately equal to that of the donor strains. The capacity of the different recombinants for glutamate accumulation correlated nicely with the respective rates of growth of these recombinants on glutamate. The Glut+ recombinants obtained by crossing Hfr H and Hfr Hi with P678 accumulated, at equilibrium, 4 to 12 times more glutamate than did P678, and most of them also accumulated more than did Hfr H. However, all of these recombinants showed much lower (one-half to onesixth) glutamate accumulation than that of Hfr Hi. The relatively low capacity for glutamate accumulation of the "H" and "HI" recombinants correlates well with the longer generation time (approximately 8 hr; Table 3 ) of these strains on glutamate.
Mapping of the gltC gene by recombination analysis. The results of interrupted matings with Hfr CS8 as donor and P678 as recipient (Fig. 1) show that the gltC gene is very close to the mtl gene. Although these results indicate that the gltC gene enters before the mtl gene, this evidence is not conclusive, since the method of interrupted mating is not accurate enough for ordering the sequence of very close genes (9). Unselectedmarker-frequency analysis was therefore performed (Table 5 ). The observed difference in linkage between each pair of markers, depending on which of the two markers was selected for, is a consequence of the gradient of transmission (9) . Consequently, the order of the genes indicated by these results is: gltC, mtl, xyl.
Further evidence for this sequence was obtained by three-factor-cross analysis. Hfr CS8 was mated with P678, and xyl+ recombinants were selected and partly purified by transfer of single colonies to the same selective medium; mtl+ and gltC+ recombinants were scored by the replica method. The results (Table 6) confirm the order of genes inferred from the unselectedmarker-frequency analysis. Table 7 . The great differences in GAD activity between the donors and the recipient make possible the recognition of inheritance of the donor gad gene by the recombinants. Preliminary mating experiments showed that gltC+ recombinants obtained in a cross between Hfr CS8 and P678 sometimes inherited the gad gene of the male. Since no method was available for the selection of gad+ recombinants, mapping of gad had to be done by selecting for other markers and scoring gad as an (Table 8) ; gad is most probably located in the vicinity of the mtl and gltC genes (Fig. 3) .
DISCUSSION
The results clearly show that gltC of E. coli K-12 is located near mtl. Hfr Cavalli Glut+ mutants, CS1, CS5, CS7, and CS8, transferred gltCI, glItCS, gltC7, and gltC8, respectively, after 50 min of conjugation, whereas the Hfr Hayes Glut+ mutant Hi transferred gltCSJ after about 2 hr of conjugation. The gltC allele of Hfr CS1O1 (Glut- (Fig. 3) . Glut+ recombinants at the gltH locus were also obtained when Hfr H, the original wild-type Glutr strain, served as the donor. The ability of Hfr H to form Glut+ recombinants with P678, and our finding that Hfr H Glut+ mutant Hi transmitted also the gltC+ gene (Table 3 ), show that the mutated glt locus in the Hfr H mutant was gltC as in the Hfr CS101 mutants, and not the gitH locus.
All the gltH+ recombinants exhibited lower rates of growth on glutamate and accumulated less '4C-labeled L-glutamate than the gltC+ mutants and recombinants (Table 4 and Fig. 2) .
Another (ii) The affinity of the permease for glutamate in the wild-type (gltC-) and mutant (gltC+) strains was practically the same, 10.0 x 10-6 and 7.7 X 10-1 M, respectively (5, 6).
We therefore believe that glutamate permease synthesis in E. coli is under genetic control, being partly repressed in the wild-type and derepressed in the gltC+ mutants.
In earlier work (7), it has been observed that mutation enabling growth of E. coli W and E. coli H (Harvard strain) on glutamate was accompanied by partial or complete loss of the capacity for synthesizing GAD. We hope that the close linkage between gltC and gad in E. coli K-12 described here (Fig. 3) will facilitate the study of the regulation of GAD and its relationship to glutamate transport. It is of interest that most of the gad+ recombinants isolated from crosses between gad+ donors and gadt recipients had much higher GAD activities than the gad+ donor strains (Tables 7 and 8 ). The reason for this is not clear. Studies on the mechanism of regulation of gad and on the nature of the glt genes are now in progress.
